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Effects of Extraction Conditions on the Characteristics
of Ethanol Organosolv Lignin from Bamboo
(Phyllostachys pubescens Mazel)
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The structure and properties of ethanol organosolv lignin (EOL) extracted
from bamboo under various conditions were characterized. EOL yield
increased at high temperatures of 160 to 200 °C and a reaction time of 1
to 3 h. The nitrogen content in lignin was low, with a maximum of 0.62%.
The carbon content increased with increasing temperature and prolonged
time, whereas oxygen content showed an inverse trend. EOL extracted
from bamboo showed high purity levels (more than 95.5% Klason lignin)
with low impurity contents (carbohydrate and ash). The severity of the
process increased the carboxylic acid and phenolic hydroxyl group
contents and also decreased the methoxyl group content. The molecular
weight of EOL varied depending on the extraction condition. The FT-IR
and NMR spectra revealed that the main structure did not significantly
change. From the spectra, it is clear that EOL extracted from bamboo can
be classified as an HGS (H--p-hydroxyphenyl, G--guaiacyl, and S--
syringyl, respectively) type. Clear 3-O-4, B-B, and B-5 linkages were
observed.
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INTRODUCTION

Bamboo (Phyllostachys pubescens Mazel), a perennial woody grass that belongs to
the Gramineae family and Bambuseae subfamily, is extensively distributed worldwide.
China is the largest bamboo-producing country, wherein 300 species in 44 genera occupy
3% of the global forests (Scurlock et al. 2000). As a fast-growing and highly productive
plant, bamboo is widely used in various industries, including pulp and papermaking, food,
textile, furniture, and household goods. Nevertheless, the utilization rate of crude bamboo
only ranges from 35% to 40% (Li and Kobayashi 2004), and the remaining crude bamboo
is buried or burned. This causes a significant waste of resources and poses environmental
hazards.

Lignin, celluloses, and hemicelluloses serve as structural components of vascular
tissues of high-order land plants (Chen and Sarkanen 2010). Lignin, the second-most
abundant terrestrial organic polymer on earth, is a polyphenolic amorphous material
containing three typical phenylpropane structural units (H, G, and S units, respectively)
(Davin and Lewis 2005).
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H (R1 = H, R2 = H), G (R1 = OMe, R2 = H), and S units (R1 = OMe, R2 = OMe)
(Fig. 1) are connected through ether linkages (about 2/3) and carbon—carbon linkages
(about 1/3). Ether linkages include B-O-aryl ether (B-O-4) and 4-O-5 (biphenyl ether).
Carbon—carbon linkages contain 1, 2-diaryl propane (B-1), resinol (5-5), biphenyl (5-5"),
and phenylcoumaran (B-5/a-0-4) (Ralph et al. 1998; del Rio et al. 2008; Martinez et al.
2008).

Lignin is utilized in various industries because of its polyphenolic structure; for
example, lignin is used as a raw material to produce aromatic chemicals such as vanillin
and phenols (Silva et al. 2009; Yoshikawa et al. 2013). Lignin is also applied to
manufacture dispersants, surfactants, flocculants, and activated carbons (Holtzapple 2003).
Lignin can be obtained from the black liquor produced through the alkaline kraft process
in wood pulping (Calvo-Flores and Dobado 2010; Zhao et al. 2010). More than 90% of
this lignin is simply used as a boiler combustible for energy generation (Lora and Glasser
2002).
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Fig. 1. Typical Cg structure of lignin
*H unit (R1=R2=H); G unit (R1=OCHs, R2=H); S unit (R1=R2=0OCH)

Because the utilization of lignin from black liquor is limited, sulfur-free lignin
extracted through various organosolv processes with organic solvents (especially ethanol)
has gained much interest (Yafiez-S et al. 2013). Among the reagents for organosolv
pretreatments, ethanol is the most promising because of its economic and environmental
friendliness. It can also be recycled and reused (Pan et al. 2006). Lignin extraction through
the use of ethanol-based organosolv process has been widely used in various types of
biomass, such as flax (Linum usitatissimum L.) (Buranov et al. 2010), wheat straw
(Monteil-Rivera et al. 2013), fiber hemp (Zomers et al. 1995), Buddleja davidii (Hallac et
al. 2010), Eucalyptus globulus wood (Yafez-S et al. 2014), and Eucommia ulmoides Oliver
(Zhu et al. 2015). Compared with native lignin, lignin extracted through ethanol-based
organosolv processes can be transformed into low-molecular weight fragments, which can
be used to prepare high-value chemicals and fuels.

In this work, we isolated and extracted bamboo lignin with 50% aqueous ethanol.
The effects of extraction conditions on the properties and structure of ethanol organosolv
lignin (EOL) from bamboo have not been previously reported. Ethanol organosolv
pretreatments were performed on bamboo culms under a wide range of extraction
temperature (160 to 200 °C) and time (1 to 4 h). The effects of extraction conditions on the
properties and structure of isolated lignin and the elucidated lignin breakdown mechanism
in the organosolv process were then investigated.
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EXPERIMENTAL

Materials

Bamboo culms were obtained from Nanchang, Jiangxi province, China. Dried raw
materials were cut into small pieces (1 to 3 cm), ground, and sieved to obtain an 80- to 100-
mesh fraction. The fraction was extracted with methylbenzene/ethanol (2:1, v/v) in a
Soxhlet apparatus for 6 h before being air-dried. The dewaxed bamboo contained cellulose
(44.2% = 0.8%), hemicelluloses (19.0% = 0.9%), lignin (28.3% + 0.4%), and ash (1.8% *
0.1%). This composition was determined using the NREL method (Sluiter et al. 2008a, b).

Methods
Extraction conditions for EOL preparation

Bamboo powder was ethanol-organosolv-pretreated under various conditions in a
GSH-2-Type stainless steel autoclave (Weihai Chemical Machinery Co. Ltd., Shandong,
China). This was done at a working temperature of 350 °C and a volume of 2 L. Briefly,
150 g of bamboo powder (dry basis) and 50% ethanol aqueous solution (8:1, v/w) were
carefully loaded into the autoclave initially heated to 30 °C. The autoclave was set at
desired temperatures (160 °C, 180 °C, and 200 °C) with a 10 °C/min heating rate and kept
within a + 2 °C range. After keeping 1 to 4 h of the desired temperature, the reactor was
cooled with 4 °C cooling water. The pH of the cooled organosolv liquor (COL) was
determined. After the pH was determined, the reaction mixture was vacuum filtered and
the remaining solid fraction was washed with 50% ethanol aqueous solution until the liquid
became almost colorless. This was then followed by 1 L of hot water. The filtrate and
washing solution were combined and concentrated under reduced pressure. After adding
10 volumes of water into the concentrated solution, lignin was obtained through filtration
and washed thoroughly with water. The sample was then dried in an oven at 50 °C for 24
h.

The autoclave pressure and the severity factor of the process are shown in Table 1,
and the severity factor was calculated using the H-factor parameter (Yéafez-S et al. 2014),
whose formula is shown as follows,

16117

H= W) dr (1)

where T is reaction temperature (K), and t is reaction time (h).

Table 1. Autoclave Pressure and Severity Factor under Various Extraction
Conditions

Sample Temperature (°C) Time (h) H-factor Autoclave pressure

(Mpa)
EOLs 160 1 400 0.45
EOL, 180 1 2066 0.90
EOL; 200 1 9291 1.50
EOL4 180 2 4132 0.90
EOLs 180 3 6198 0.90
EOLs 180 4 8264 0.90
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Purification of lignin
The obtained lignin was purified according to the method proposed by Pan and
Sano (1999). Briefly, the lignin was dissolved in dioxane/ethanol (8:2, v/v), and the
precipitate was removed by centrifugation. The supernatant was added dropwise to 10
volumes of diethyl ether/petroleum ether (1:1, v/v) with stirring. The precipitate was
centrifuged off, then washed twice with diethyl ether/petroleum ether (1:1, v/v).
The purified lignin was dried and weighed to determine EOL recovery yield,

dry puried ligninx100 2)
dry bamboo powderx(KL/100)

Lignin recovery yield (%)=

where KL is the Klason lignin content of untreated bamboo powder (g Klason lignin per
100 g of wood on dry basis).

Elemental analysis

Carbon, hydrogen, and nitrogen contents of the purified samples were determined
using an elemental analyzer (Vario EL Il1, Elementar, Germany). The oxygen content was
calculated based on the difference from the total sample.

Determination of Klason lignin content

Klason lignin content was determined using the NREL LAB method (Sluiter et al.
2008b). EOL samples were treated with 72% H2SO4 for 1 h in a water bath at 30 °C. The
samples were then diluted to 4% and autoclaved at 121 °C for 1 h. The hydrolysis solution
was cooled to room temperature and then filtered. Solid residue was washed with distilled
water until neutral and then dried. Klason lignin content was calculated using the following
equation:

solid residue (g) 8
EOL sample(g)

Klason lignin (%) = 100 (3)

Sugar analysis

Aliquots (3 mL) of 72% H2SO4were added to 0.3 g of lignin in pressure tubes. The
tubes were placed in a water bath at 30 °C for 1 h and stirred continuously to completely
dissolve the lignin sample. The solution was diluted to 4% by adding water, and the tubes
were autoclaved at 121 °C for 1 h (Sluiter et al. 2008b). After hydrolysis, the samples were
filtered through a 0.22-um syringe filter and then injected into an HPLC system (Agilent
1260, USA). Calibration was performed with standard solutions of L-arabinose, D-glucose,
D-xylose, D-mannose, D-galactose, glucuronic acid, and galacturonic acid.

Ash analysis
Ash content was analyzed according to NREL standard procedure (Sluiter et al.
2008a).

Characterization of functional groups

The contents of various functional groups were determined to predict the properties
of EOL. The methoxyl group was determined through *H NMR (Mousavioun and Doherty
2010). The carboxylic acid and phenolic hydroxyl groups were determined through the
titration method (Mousavioun and Doherty 2010).
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Molecular weight determination

Lignin samples were prepared in an eluent (0.1 M NaOH) at 0.2 mg/mL prior to
analysis. The eluent was then filtered through a 0.45-um syringe filter. A differential
refractive index detector was used, and the column was operated at ambient temperature
and eluted with 0.1 M NaOH at a flow rate of 1.0 mL/min. Dextran standards with
molecular weights of 1,200, 10,000, 40,000, 70,000, and 500,000 g/mol were used to
prepare a standard calibration curve. The weight-average molecular weight (Mw) and
number-average molecular weight (Mn) of lignin were calculated using the equation of the
standard curve.

FT-IR spectroscopy

The FT-IR spectra of EOL were determined using an FT-IR spectrophotometer
(Bruker Tensor 27, Germany) with KBr pellets containing 1% finely ground samples. Each
spectrum recorded 32 scans ranging from 4,000 to 400 cm™ with a 2 cm™ resolution in
transmission mode.

NMR spectroscopy

The solution-state NMR spectra of the samples were determined on a Bruker AVI1I
400 MHz spectrometer (Germany) at 25 °C. The *H NMR spectra were recorded at 100
MHz using 15 mg of lignin fractions in 1 mL of d-DMSO. After 30,000 scans, the 3C
NMR spectra were obtained at 400 MHz using 80 mg of the sample in 1 mL of d-DMSO.

Statistical analysis

Each experiment was conducted in triplicate, and the data were expressed as means
+ one standard deviation (SD). In case of variation analysis, significance was p < 0.05 level
of Duncan test using analytical software SPSS statistics (Version 16.0, SPSS Inc., Chicago,
IL, USA).

RESULTS AND DISCUSSION

COL pH and EOL Recovery Yield

The ethanol organosolv process, known as the Alcell process, is based on the
autocatalytic effect (Pye and Lora 1991). Plant materials can produce organic acids
including acetic and uronic acids, which can function as catalysts for delignification in the
cooking process. The organosolv process conditions affected COL pH and lignin yield. An
increase in temperature caused a decrease in COL pH and an increase in lignin recovery
yield (Fig. 2a). This was due to enhanced hemicellulose hydrolysis, which results in a
higher production of acetic acid from the acetyl side groups of hemicellulose as well as an
increase in delignification (Wildschut et al. 2013). These findings indicate that higher
temperature increases the autocatalytic effect in the ethanol organosolv process. With a
prolonged reaction time of less than 3 h at 180 °C, the delignification and lignin recovery
both increased (Fig. 2b). Many studies have obtained similar results (Wildschut et al. 2013;
Huijgen et al. 2014; Yafiez-S et al. 2014). However, the reaction time had a negligible
effect on the pH of COL, which indicated that the autocatalytic effect on the organosolv
process was only slightly influenced by reaction time.
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Fig. 2. (a) COL pH and EOL recovery yield under different temperature (for 1 h); (b) COL pH and
EOL recovery yield under different time (at 180 °C)

*Based on starting lignin in dry bamboo powder.

Different letters on the same column indicate significant differences (p < 0.05).

Nevertheless, in the present study, the recovery of lignin after 4 h of reaction was
lower than that after 3 h. McDonough (1992) reported that all organosolv processes are
dependent on a chemical breakdown of lignin prior to dissolution. Moreover, the
condensation reaction under severe conditions may result in lower lignin solubility in the
liquor (Yéfez-S et al. 2014). In the organosolv process of reaction time ranging from 3 to
4 h, the effect of condensation reaction on the solubility of lignin was significant and
subsequently caused a decrease in the recovery of lignin.

Elemental Analysis

Table 2 shows the elemental composition of the isolated EOL of bamboo. The
displayed data show that the carbon content is between 60.21% and 61.18% and that the
oxygen content is between 32.36% and 33.35%.

Table 2. Elemental Composition of EOL from Bamboo under Various Extraction
Conditions

Sample N (%) C (%) H (%) 0O (%)

EOL: 0.50+0.01c 60.21+0.01f 5.95+0.03b 33.35+0.03a

EOL: 0.62+0.01a 60.39+0.04e 6.10+0.02a 32.89+0.07c

EOLs 0.46+0.00d 60.57+0.01d 5.81+0.01c 33.17+0.01b

EOL4 0.62+0.02a 60.82+0.01b 6.00+0.02b 32.58+0.01d

EOLs 0.53+0.01b 60.74+0.02c 5.96+0.00b 32.78+0.03c

EOLe 0.48+0.00cd 61.18+0.01a 5.99+0.01b 32.36+0.02e
Mean values followed by different letters in the same column indicate significant differences (p
< 0.05).

In Table 2, the nitrogen content ranges from 0.48% to 0.62%. This is probably due
to the presence of a small amount of nitrogenous compounds in EOL. Most of these
nitrogenous compounds were dissolved in the aqueous ethanol liquid and easily removed
during the process of lignin extraction (Mousavioun and Doherty 2010). Higher
temperature and prolonged time decreased nitrogen content because increasing the severity
of the organosolv process promoted the isolation of nitrogenous compounds from the
lignin. By comparing the elemental composition of EOL, it was found that the carbon
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content increased, while the oxygen content decreased slightly with increasing temperature
and prolonged reaction time, suggesting that EOLs undergo a condensation reaction
(YYanez-S et al. 2014). Acetic acid released the protonated hydroxyl group in the C, of
lignin side chains as a resonance-stabilized benzyl carbocation, which can readily form a
band with an electron-rich carbon atom of another lignin unit (Hallac et al. 2010; Yafiez-S
et al. 2014), thereby increasing carbon content while decreasing oxygen content.

EOL Composition

The Klason lignin content of EOL extracted from bamboo was higher than 95.5%
(Table 3), which indicates the high purity of the extracted lignin. The carbohydrates present
in EOL mainly originated from polysaccharides that covalently bonded to lignin in the
bamboo sample. Several studies have confirmed the existence of covalent bonds between
lignin and carbohydrates (Lawoko et al. 2006; Ghaffar and Fan 2013; Oinonen et al. 2015).
The low ash content in EOL was primarily derived from the element silicon, but minor
amounts of sodium, iron, and potassium in lignin samples also contributed (Mousavioun
and Doherty 2010).

Table 3. Composition of EOL Extracted from Bamboo under Various Conditions

Sample }Tilgr?i?\n 'Carbohydrates (% dw) Ash Sum
(% dw) Xylan | Arabinan | Glucan | Galactan Total (% dw) (% dw)
EOL: 98.1+0.2a | 0.2+0.0b 0.0£0.0 | 0.6+0.1a | 0.4+£0.0bc | 1.2+0.1b | 0.8+0.1a | 100.1+0.4
EOL:> 95,5+0.3c | 0.7+0.1a | 0.1+0.0 | 0.5+0.1a | 0.5+0.0b | 1.8+0.2a | 0.8+0.1a | 98.9+0.6
EOL3 | 96.4+0.2bc | 0.6+0.1a 0.1+0.0 | 0.4+0.0a | 0.2+0.0c | 1.3+0.1b | 0.6+0.1a | 98.4+0.4
EOL4 96.1+0.1c 0.2+0.0b 0.1+0.0 | 0.4+0.0a | 1.0+0.1a | 1.7+0.1a | 0.3x0.0b | 98.1+0.3
EOLs | 97.4+0.1ab | 0.4+0.0ab | 0.0+0.0 | 0.5+0.1a | 0.3+0.0bc | 1.2+0.1b | 0.3+0.0b | 98.9+0.3
EOLs 98.3+0.4a | 0.5+0.0ab | 0.0+0.0 | 0.5+0.0a | 0.3+0.0bc | 1.3+0.0b | 0.3+0.1b | 99.9+0.5

Mean values followed by different letters in the same column indicate significant differences (p < 0.05).

Table 3 shows that EOL: presented higher Klason lignin content than EOL2 and
EOLSs, but lower xylose content than EOL2 and EOLs. This is probably because the higher
temperature in the organosolv process increased hemicellulose hydrolysis, resulting in
higher concentrations of sugars in the organosolv liquor (Huijgen et al. 2014). Besides, the
high temperatures under acidic conditions may promote the dehydration of hemicellulose
sugars to form furfural compounds, thus inducing the formation of a lignin—furfural
condensation product (Huijgen et al. 2014). As a result, EOL2 and EOL3 showed higher
xylose and lower Klason lignin content than EOL1. However, with prolonged reaction time,
the total carbohydrate content decreased. This finding could be due to enhanced
carbohydrate hydrolysis caused by severe conditions. Compared with that in the raw
material (bamboo), the ash content in the EOL samples decreased by more than 1.0%.
Furthermore, it seems that ash content decreased under severe extraction conditions,
especially when the reaction time was more than 2 h. This finding could be attributed to
more metal salt being released from bamboo at severe extraction conditions and that it is
easily removed in the organosolv process. Overall, less carbohydrate and ash remained in
lignin, which resulted in the high purity of lignin.
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Functional Groups

The contents of carboxylic acid, phenolic hydroxyl, and methoxyl functional
groups are shown in Figs. 3 and 4. The contents of carboxylic acid and phenolic hydroxyl
groups increased gradually with increasing temperature and prolonged reaction time (Fig.
3). Gosselink et al. (2004) and Tejado et al. (2007) found that the phenolic hydroxyl group
content is related to the organosolv process. Also, pulping can increase the carboxylic acid
content of lignin when compared with organosolv pulping (Mousavioun and Doherty
2010). These findings imply that the existence of acetic acid in the extraction process
promotes oxidation reactions (Erdocia et al. 2014), and the severity of the organosolv
process enhances the release of acetic acid, thus promoting oxidation reactions and
increasing the production of carboxylic acid and phenolic hydroxyl groups. The content of
the methoxyl group slightly decreased with an increase in temperature and prolonged
reaction time (2 to 4 h) (Fig. 4). This is because the acid produced by the autocatalytic
effect in the ethanol organosolv process facilitated the loss of the methoxyl groups (Li et
al. 2012).
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Fig. 3. (a) Carboxylic acid and hydroxyl group contents under different temperature (for 1 h);
(b) Carboxylic acid and hydroxyl group contents under different time (at 180 °C).
Different letters on the same column indicate significant differences (p < 0.05).
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Fig. 4. (a) Methoxyl group contents under different temperature (for 1 h); (b) Methoxyl group
contents under different time (at 180 °C).
Different letters on the same column indicate significant differences (p < 0.05).
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Molecular Weight Distribution

The weight-average (Mw) molecular weight, number-average (Mn) molecular
weight, and polydispersity (Mw/Mn) of EOL were determined to estimate the effects of
extraction conditions on the polymer structures (Table 4). A comparison of the Mw of EOL
extracted under various temperatures demonstrated that high reaction temperatures could
decrease the molecular weight of EOL. The higher hydrogen ion concentration generated
from higher temperatures may enhance the cleavage of ether linkages. McDonough (1992)
reported that higher concentrations of hydronium ion in liquor (low pH values) facilitate
the breakdown of a and B-ether bonds in lignin, resulting in the formation of molecular
fragments with low molecular weights, also, the homogeneity of the resulting lignin
increased, resulting in an decrease in the average polydispersity and an increase in the Mn
molecular weight. With prolonged reaction time, the EOL molecular weight increased from
the 5730 g/mol of EOL: to the 5933 g/mol of EOLs, which indicated the occurrence of
lignin repolymerization reactions. On the other hand, the increase in the polydispersity
index was attributed to the simultaneous competition between degradation
(depolymerization) and condensation (repolymerization), which causes an increase in the
heterogeneity of the resulting lignin (Hallac et al. 2010). The increased polydispersity was
indicated by a broader distribution of the molecular weights, resulting in lower My
molecular weight. The abnormal decrease in the molecular weight of EOLs may have been
due to the condensation reaction, which decreased lignin solubility. These high-molecular
weight polymers cannot be isolated from the residue. The lower yield of lignin at EOLs
(Fig. 2) also confirmed these findings.

Table 4. Molecular Weight of EOL Extracted from Bamboo under Various
Conditions

Sample EOL: EOL: EOLs EOL4 EOLs EOLs
Mw (g/mol) 5991 5730 5516 5871 5933 5650
Mn (g/mol) 2096 2362 2363 2107 2086 1938
D (Mw/Mn) 2.86 2.43 2.33 2.79 2.84 291

FT-IR Spectroscopy

FT-IR spectroscopy can be used to study the physicochemical properties and
structure of lignin (El Hage et al. 2009; Sun et al. 2012; Wen et al. 2013). The FT-IR
spectra of all EOL obtained under various extraction conditions were characterized in the
400 to 4000 cmrange (Figs. 5 and 6). Minimal differences were observed among the six
EOL samples, which indicated that the structure of lignin extracted from bamboo did not
undergo major modifications under varied extraction conditions.

The spectrum of lignin extracted at 160 °C for 1 h (lignin EOL:1) is shown in Fig.
5. A wide absorption band appears at 3417 cm, which is assigned to the O-H stretching
absorption of phenolic hydroxyl and aliphatic hydroxyl groups. The bands at 2937 and
2843 cm™! are assigned to the C-H stretching vibrations in the methyl and methylene
groups, respectively. The band at 1660 cm™ is due to carbonyl stretching of conjugated p-
substituted aryl ketones (Wen et al. 2013). The bands at 1598, 1511, and 1417 cm* are
attributed to aromatic skeleton vibrations, which imply that they are the primary structure
of lignin. The band at 1459 cm™ is assigned to C-H in-plane deformation (such as methyl,
methylene, and methoxyl groups) (Jahan et al. 2007). The bands at 1268, 1031, and 912
cm ! originated from aromatic ring breathing vibration, aromaticin-plane bending, and out-
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of-plane C—H bending of guaiacyl (G) units, respectively; those of syringyl (S) units were
observed at 1328, 1223, and 1121 cm™?, respectively (Li et al. 2012). The band at 832 cm™
is due to C—H out-of-plane deformation in positions 2 and 6 of S and all positions of p-
hydroxyphenyl (H) units (Li et al. 2012).
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Fig. 5. FT-IR spectra of EOL extracted from bamboo at various temperatures

Only minimal differences were observed in EOL under all conditions. As shown in
Figs. 5 and 6, the signal at 1660 cm™ disappeared with increasing temperature (lignin
extracted at 200 °C) and prolonged reaction time (more than 2 h). Additionally, the signal
at about 1700 cm™* became clearer, which indicated the presence of carbony! stretching in
non-conjugated ketones. This phenomenon contributes to the increase in carboxylic acid
contents (Fig. 3) under varied conditions.
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Fig. 6. FT-IR spectra of EOL extracted from bamboo at various reaction times

NMR Spectroscopy

'H and 3C NMR spectroscopy were used for further study of the structural
properties of EOL extracted from bamboo. It was found that the NMR spectra of the six
EOL samples were the same. Figures 7 and 8 showed the *H and **C NMR spectra of EOL1,
respectively.
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From the *H NMR spectra of EOL:1 (Fig. 7), the signals that occurred between 6.0
ppm and 8.0 ppm possibly originated from aromatic protons in S units, G units, H units, p-
coumarate acid, and ferulate acid (Hussin et al. 2013). The signals from 7.49 to 7.52 ppm
represented the aromatic protons of p-coumarate acid and ferulate acid (Seca et al. 2000),
whereas the signals at 6.28 to 6.83 ppm were due to the aromatic protons of the S and G
units. Three weak signals between 4.0 and 5.5 ppm are shown in the spectra: the signal at
5.33 ppm originated from Hq in benzyl aryl ethers. The signals at 4.88 and 4.02 ppm
correspond to Hp and Hy of the B-O-4 structure, respectively (Xu et al. 2005). The methoxyl
protons produced a sharp signal at 3.62 to 3.85 ppm. The signal at approximately 3.45 ppm
was due to the protons of the water in DMSO, and the intense signal at 2.50 ppm is
attributed to the protons in DMSO. The signals at 0.7 and 1.5 ppm were assigned to the
protons in aliphatic groups.

The 13C spectrum of EOL. is shown in Fig. 8, and the corresponding resonance is
assigned according to the values reported in the literature (Nimz et al. 1981; Xu et al. 2005;
Sun et al. 2012). For p-coumaric acid, signals are assigned at 168.44 (C-y), 160.06 (C-4),
144.66 (C-a), and 115.82 ppm (C-B). The small signal at 179.31 ppm indicates the presence
of p-coumaric acid, which is connected to lignin via ester bonds. Etherified ferulic acid is
identified by signals at 168.44 (C-y) and 144.66 ppm (C-a). G units provide signals at
152.62 (C-4, etherified), 148.39 (C-3, etherified), 136.88 (C-1, etherified), 132.24 (C-1,
nonetherified), 124.03 (C-6, nonetherified), 120.18 (C-6, etherified), and 111.10 ppm (C-
2). S units are related to the signals at 152.62 (C-3/C-5, etherified), 148.39 (C-3/C-5,
nonetherified), 136.88 (C-4, nonetherified), and 104.10 ppm (C-2/C-6, etherified). The
signals caused by the C-4 of etherified G units and the C-4 of nonetherified S units imply
that most of the phenolic hydroxyl group in EOL originates from S units. The signals at
104.10 ppm confirm the existence of the p-hydroxyphenyl (H) unit. The typical structure
of $-O-4 in lignin is shown at the signals 85.84 (C-B), 71.56 (C-a), and 60.56 ppm (C-y).
The signal at 70.91 ppm is attributed to the C-y of B-p units. The signals at 65.11 and 54.15
ppm originate from the C-y and C-p of B-5' units, respectively. The intense signals at 56.04
and 56.43 ppm are indicative of OCHs in S and G units, respectively. The signals at 14.41
to 34.13 ppm are related to y-methyl, a-, and B-methylene groups in the n-propyl side
chains.

CONCLUSIONS

1. Cooled organosolv lignin (COL) pH decreased with increasing temperature and
prolonged time, indicating higher autocatalytic effects and more organic acid released
in the organosolv process, which resulted in an increase in lignin recovery. In addition,
the acid produced in the organosolv process facilitated the decrease of methoxyl groups
and promoted oxidation reactions, which led to the increase of carboxylic acid and
phenolic hydroxyl group.

2. The organic acid in the organosolv process promoted the formation of the carbon cation,
which resulted in condensation reaction. Hence, the carbon content increased, while
the oxygen content decreased slightly with increasing temperature and prolonged
reaction time. However, the simultaneous competition between degradation
(depolymerization) and condensation (repolymerization) making the lignin molecular
weight varied.
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3. FT-IR and NMR spectra indicated that the extraction conditions did not significantly
change the core structure of lignin, and the major lignin side chains were -O-4, B-B,
and B-5’ linkages. Also, the enzymatic hydrolysis lignin (EOL) can be classified as an
HGS type.
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